A coded source imaging system has been developed to improve resolution for neutron radiography through magnification and demonstrated at the High Flux Isotope Reactor (HFIR) CG-1D instrument. Without magnification, the current resolution at CG-1D is 80µm using a charge-coupled device (CCD) equipped with a lens. As for all neutron imaging instruments, magnification is limited by a large source size. At CG-1D the size is currently limited to 12mm with a circular aperture. Coded source imaging converts this large aperture into a coded array of smaller apertures to achieve high resolution without the loss of flux for a single pinhole aperture, but requires a decoding step. The developed system has demonstrated first magnified radiographic imaging at magnifications as high as 25x using coded apertures with holes as small as 10µm. Such a development requires a team with a broad base of expertise including imaging systems design, neutron physics, microelectronics manufacturing methods, reconstruction algorithms, and high performance computing. The paper presents the system design, discusses implementation challenges, and presents imaging results.
Introduction
X-rays are now commonly used for applications ranging from medical diagnostics to nondestructive test and evaluation. The drive to higher resolution for x-ray imaging has resulted in microfocus sources that provide higher resolution imaging through geometric magnification. Like x-rays, transmitted neutron intensity is subject to the exponential decay defined by the Beer-Lambert law, but unlike x-ray attenuation, which increases with atomic number of the element, neutron attenuation is not directly correlated to atomic number. Therefore, neutrons provide radiographic contrast complementary to x-rays. In particular, neutron sensitivity to hydrogen makes neutron radiography useful for applications in study of heat exchangers [1] and fluid flow in porous materials [2] .
An effort is underway to develop magnified neutron radiography to improve resolution. In this effort, a coded source system has been designed to provide a virtual small source spot size, a proof of principle instrument has been developed, and iterative reconstruction algorithms have been developed to reconstruct the coded radiograph. The remainder of the introduction discusses neutron radiography and provides motivation for use of coded sources for magnification.
Neutron radiography
Neutron radiography instruments located at experimental reactor facilities use a direct imaging mode with the object placed as close as possible to the detector. Neutron radiography detectors have limited resolution. Currently, detectors are typically either charge-coupled devices combined with a lens, mirror and scintillator or micro channel plate devices. The former are limited in resolution to the 50-100µm range due to the sensitivity of the scintillator and the diffusion of the signal within the scintillator [3] . The latter are capable of reaching the 15-20µm resolution range [4] . Physical limitations of these detector types and the size of the interaction volume for a neutron conversion prevent higher resolutions from being reached. Penumbra associated with large neutron sources further limit resolution for objects that extend away from the detector surface.
As an example of how resolution depends on the source spot size and the object location in a typical neutron imaging system, Figure 1 shows graphs of model calculations for an instrument for which the distance from the source aperture to the detector is 6m. The graph on the left side of the figure shows resolution calculations for both the detector resolution limitation and the limitation due to penumbra with a 0.1mm source spot size and a physical detector resolution of 0.1mm. As the object is moved away from the detector, magnification improves the detector resolution, but resolution limitations from penumbra increase. Optimal resolution is achieved at the crossing of these two lines. Calculating this optimal resolution for the same detector system with varying source size leads to the resolution graph on the right side of the figure. Exposure time has also been plotted as a function of the source size and has been normalized by the exposure time for an 8mm source spot size. For a 10µm spot size, the exposure time is 640,000 times longer than for the 8mm spot size. At the CG-1D instrument, a radiograph that utilizes most of the dynamic range of the CCD can be captured in 30s with an 8mm spot size. Using a 10µm spot size, an image of similar statistical quality would thus require an unrealistic 222 days of exposure time. To use magnified imaging, a source is needed that can provide higher resolution without the loss in neutron flux. Neutron optics is one path forward. Diffraction optics for neutrons are highly attenuating, so they have seen little development. Reflective optics for neutrons are seeing some development. Neutron guides are mirrored tubes with various taper geometries to bring the neutrons to a point. A specific lens system currently under development [5] is labeled Wolter optics. These lenses consist of multiple layers of tapered neutron guide and are still a research effort to manufacture and understand the focusing levels that can be achieved. An alternative method for reducing exposure time is to capture the image using multiple pinhole sources at the same time. If the projections can be kept separate on the detector, then this is a simple solution; however, the detector size would have to increase with the number of pinholes which is not feasible.
Coded Source Imaging
Coded source imaging is a method in which an illumination source consists of many smaller sources arranged in a coded pattern. Projections from each of these individual small sources overlap on the detector producing a coded image of the object. Figure 2 depicts the key components of a neutron Coded Source Imaging (CSI) system. First, an aperture is used to shape the neutron beam coming from a reactor source. Then follows an aperture that creates the coded source pattern. This aperture also defines the source position for the magnified imaging system. The object to be imaged is placed at a location between the coded aperture and the detector. Magnification is given by . The central pattern of the coded aperture defines a field of view (FOV) that can be properly decoded without overlapping side lobes in the reconstructed radiograph; therefore, a third aperture is placed as close as possible to the object to prevent any neutron from traveling to the detector outside the FOV. The resulting CSI system can be described mathematically as
where is the object, is the aperture pattern, is the detected projection, and a far field assumption is used. To successfully reconstruct a radiograph as if from a single pinhole aperture using direct deconvolution, the coded pattern must be selected such that
is the reconstruction kernel that results in a delta function when convolved with the coded aperture. Several classes of coded aperture patterns come from the coded aperture imaging community and include Uniformly Redundant Arrays (URAs) [6] , Modified URAs (MURAs) [7] , and Antisymmetric Square Masks (ASMs) [8] .
Coded source imaging with neutrons has been investigated as a potential method for three dimensional reconstruction with a single image [9] with a conclusion that the neutron beams available at reactors do not have the required divergence to isolate object planes in depth. Another application of coded source neutron imaging used the technique to capture phase shift neutron images [10] . In this system, the object is pulled away from the detector a short distance for phase shift imaging with magnification only slightly larger than unity.
Designing and testing a magnified CSI instrument for neutrons has required a broad base of expertise including imaging systems design, neutron physics, mask manufacturing methods, reconstruction algorithms, and high performance computing. Previously, we have reported on the system design with simulation results [11, 12] and iterative reconstruction algorithms and their performance on simulated coded images [13] . Challenges with real implementation are noise, poor sampling, beam divergence (near field), coded aperture transmission, and nonuniform neutron source distribution. In the remainder of this paper, progress on addressing these issues through system design, reconstruction methods, and mask manufacturing will be presented followed by imaging results and conclusions. 2 System development A neutron CSI system has been developed at the HFIR CG-1D beam line. While simulation has shown feasibility for CSI, challenges lie in development of the instrument to deal with challenges related to non-ideal parameters of source non-uniformity, system noise, and coded mask transmission. The following subsections discuss the instrument design, the coded source mask manufacturing, and the reconstruction algorithm development to reduce noise sources from non-ideal CSI.
Instrument
CG-1D is ideal for development of the CSI system due to the openness of the design that allows flexibility to manipulate mask and object locations for various magnifications. Figure 3 shows the CG-1D beam line in the bottom left corner. For the CSI system, a lead box has been developed that is on slides as shown top and center. Due to the high attenuation for neutrons provided by Gadolinium (Gd), Gd has been selected as the material for production of the CSI coded aperture mask. Neutron interaction with Gd emits high energy gammas that must be shielded as the CG-1D instrument does not have shielding around the full instrument. The coded aperture mask is placed within the lead shielding box. For both alignment and testing with multiple aperture designs, a stage system was orignally developed to provide motion in the plane perpendicular to the neutron beam path. This set of stages and the wafer holder are seen in the bottom left images and are both inside the shielding box. A reconstruction technique using both an aperture and an anti-aperture has been used to reduce noise caused by the non-uniform source, system noise, and near field geometry. The technique requires imaging with two masks that are well aligned to one another. With the move toward higher resolution imaging, a rotational stage is required, so a rotational stage has been added to this system recently to align these two masks '1COrm Si in x, y, and rotation around the beam path axis. For proper reconstruction, a coded source imaging system must block neutrons that are outside the field of view (FOV) of the imaging system. The top left image shows a 2mm aperture consisting of a borated aluminum plate 5mm thick with a 2mm diameter hole that has initially been used as a FOV mask. A layer of lithium containing neutron absorber was also placed before the FOV aperture to reduce gammas from the Al. This component is currently manually inserted each time CSI is to be performed with the location determining the magnification of the system. 
Mask manufacturing
Ideally, the coded source mask transmits all neutrons through open areas and transmits none through the closed regions. Gd is highly attenuating to neutrons and Silicon (Si) is not, so a microelectronics manufacturing technique is being used to pattern the coded aperture mask. These masks consist of a Gd pattern produced on a Si wafer. A process has been developed at the Oak Ridge National Laboratory Center for Nanophase Materials Sciences (CNMS) fabrication facility that can reach a Gd mask thickness of 9µm and a highest aspect ratio (depth/width) of 0.9. Therefore, a 10 µm aperture design can be made 9 µm thick. Figure 4 shows a graphical depiction of the mask structure. Buildup of intrinsic strain during sputtering limits the thickness that a layer of Gd can be placed on a Si wafer. As the intrinsic strain builds, the layer will warp and separate from the wafer during the etch process. A technique of alternating layers of Gd with thin layers of Ti has reduced the strains to a level that allows a coating of up to 9 µm to be put on the wafer. Photolithography methods are then used to set up an etch process to create the mask pattern. The etch process places a limitation on the aspect ratio of the structures that can be produced. An ideal sputter etch process would only remove material in the vertical direction. This is not the case for Gd etching such that side walls are sloped as shown in the figure. The slope of this edge limits the acheivable aspect ratio of this process to 0.9. Currently we have produced multiple masks that are 9 µm thick with 10 µm resolution apertures.
Reconstruction algorithms
While the aperture/anti-aperture method allows deconvolution reconstruction to handle the nonideal conditions in the neutron CSI system, a significant effort has been put into the development of a model based iterative reconstruction capabilities that will incorporate these non-ideal conditions into the system model. This will remove the need to take two CSI images and thus half the required exposure time. Due to the limited beam time available for neutron imaging, exchanging exposure time for the longer computation times needed for iterative reconstruction is a logical trade-off. Previous publications have described the initial model based reconstruction system development [12, 13] . Two major modifications that improve the image quality have been incorporated since then.
First, the system model has been changed from being based on bi-linear interpolation to using area intersection. Backprojection is now consequently computed as a weighted sum of the image pixel values times the area of the pixel illuminated by the coded aperture mask holes divided by the total area of image illuminated. This modification was tested for resolution improvement with a simulated tilted edge. The tilted edge was used to calculate the systems Modulation Transfer Function (MTF). Figure 5 provides results for simulated reconstructions with a deconvolution reconstruction algorithm, a Maximum Likelihood Estimation (MLE) based iterative reconstruction algorithm using a reconstruction kernel, and a Simultaneous Iterative Reconstruction Technique (SIRT) algorithm with a system model that includes the source nonuniformity. These results are shown for simulations of masks with two different resolutions (200 and 50µm) and a Gaussian roll off on the simulated neutron source. From these simulations, we see the model based SIRT reconstruction outperforms both kernel based reconstructions for resolution. Second, the model based iterative reconstruction framework has been modified to test performance with multiple iterative methods. Originally, SIRT and PSIRT (a scalar preconditioned version of SIRT) were implemented. Additions of a MLE model (MLEM) based and Conjugate Gradient SIRT (CGSIRT) have been made to evaluate convergence for the CSI reconstructions. Figure 6 gives a qualitative view of performance for these four model based iterative reconstruction algorithms. The N value is the number of iterations used to produce the image shown. These reconstructions are for a tilted edge object within a circular aperture. Based on these initial tests, the CGSIRT algorithm will produce a high quality reconstruction in minutes compared to hours for the other three methods. Testing is underway to quantitatively assess performance for resolution and contrast. The next step for the iterative reconstruction is to incorporate a real system model of the source non-uniformity. Measurements have been performed to capture the non-uniformity and are presented in the following section.
Results
A series of experiments moving to higher resolution concentrated on imaging a steel screw have been performed on the develop CSI instrument. Figure 7 shows results from these experiments. The top two images are neutron radiographs captured at the instrument without using CSI for comparison. In this direct radiograph, the screw is taped directly to the scintillator of the camera to get the highest resolution possible with the current detector. To the right is a sub image that represents a region equal in size to the smaller field of view imaged by the CSI system. Along the bottom of the figure, reconstructed CSI images of the screw threads are shown for masks of 100, 50, 20, and 10µm masks holes that have been scaled to be the same size. These images were all captured with the same detector used for the screw image on the left, but gained resolution with magnification. Magnification of the object on to the detector for the 100, 50, 20, and 10µm masks were 16.6, 23, 25, and 25 respectively. The scintillating based detector has a measured resolution of 80µm, so a magnification of 25 is sufficient to properly sample a 10µm
resolution object. Magnification of 25 places the screw over 5.5 meters away from the detector. Not only does the magnification provide higher resolution imaging with the same detector, but moving the object away from the detector also reduces the amount of scattering off the object that is captured by the detector. Based on a qualitative comparison of the direct radiograph to the coded source images, the resolution of the direct image is comparable to the 100µm CSI images with the higher resolution masks significantly improving resolution over the direct radiograph.
A second set of experiments have been conducted to perform a quantitative measure of resolution. Using the same manufacturing process for the coded source masks, a resolution target has been developed with bar patterns. These bar patterns are printed on a 9µm thick target, so the resolution bars will begin to degrade at the 10µm resolution level. Figure 8 shows results from three CSI imaging measurements of the resolution target. From left to right, the images are captured with a 40µm, 30µm and 20µm coded aperture mask. The line sets are labeled in the leftmost image where resolution for each pattern is the width of the bars and spaces in the pattern. Resolution clearly moves from 40µm down to near 20µm in these image sets. While the aperture/anti-aperture reconstruction method was used in these reconstructions, there is still a fairly significant set of vertical line artifacts in the reconstructions that are a result of the source non-uniformity. The major challenge with iterative reconstruction at this time is the need to reproduce a model for the unique illumination source at the HFIR CG-1D instrument. This cold beam is ideal for our system due to the cold neutrons that can be stopped by our fairly thin coded masks, but the curved guide used to help remove higher energy neutrons from the beam produce a strong pattern of lines in both the vertical and horizontal directions. To provide data for the model, a series of images have been collected in which a 0.38mm pinhole placed at the coded aperture plane and used to image the neutron source shape on the detector. Using the coded aperture positioning stages, images were collected with the pinhole at multiple positions across the coded aperture space. Figure 9 provides a graphic of pinhole positions used to image the source (blue squares). Images collected at each numbered square are shown to the right and show the strong vertical line in the source shape that has appeared in the reconstructions. For this test, the diffuser was removed from the system to provide higher resolution of the source shape. From these images, the source shape clearly shifts in the opposite direction of the pinhole movement as expected. With this data, we are in the process of determining whether a full characterization of the source shape at each pinhole location is necessary for our model or if a function for shifting the source shape can be used for the model. Additional imaging was performed with two different diffusers (graphite powder and block) in the beam. The bottom right image shows the diffused image resulting from the graphite block. The source is much easier to model with the improved uniformity provided by the diffuser and will continue to be used in the system. 
Conclusions
A coded source imaging system has been developed to improve resolution for neutron radiography through magnification and demonstrated at the High Flux Isotope Reactor (HFIR) CG-1D instrument. Challenges with CSI implementation are noise, poor sampling, beam divergence (near field), coded aperture transmission, and non-uniform neutron source distribution. Efforts to reduce the effects of these challenges are high precision alignment systems in the instrument to enable alignment of apertures and anti-apertures, improved coded aperture mask thickness with layering process in sputtering Gd on an Si wafer, and development of model based iterative reconstruction algorithms for the CSI system. Testing has been performed that qualitatively and quantitatively shows high resolution imaging with magnifications of 25x. Measurements have been performed to characterize the source nonuniformity and next steps will be to include these non-uniformities into a model based iterative reconstruction of CSI radiographs captured at the HFIR instrument.
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